Why seizures spontaneously terminate remains an unanswered fundamental question of epileptology. Here we present evidence that seizures self-terminate via a discontinuous critical transition or bifurcation. We show that human brain electrical activity at various spatial scales exhibits common dynamical signatures of an impending critical transition-slowing, increased correlation, and flickering-in the approach to seizure termination. In contrast, prolonged seizures (status epilepticus) repeatedly approach, but do not cross, the critical transition. To support these results, we implement a computational model that demonstrates that alternative stable attractors, representing the ictal and postictal states, emulate the observed dynamics. These results suggest that self-terminating seizures end through a common dynamical mechanism. This description constrains the specific biophysical mechanisms underlying seizure termination, suggests a dynamical understanding of status epilepticus, and demonstrates an accessible system for studying critical transitions in nature.
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critical slowing down | epilepsy | electrocorticogram | local field potential A lthough extensive observations and research have elucidated some mechanism of seizure initiation and maintenance, how seizures spontaneously terminate remains one of the most important, but still unanswered, questions in epileptology (1) . Some of the potential mechanisms of seizure termination (2) include glutamate depletion (3), dynamic changes in ion concentrations (4) (5) (6) , persistent activation of a hyperpolarization-activated cation conductance (7) , changing synaptic effectiveness (5, 8) , modulatory effects from subcortical structures and the cerebellum (9) , and reduced pH (10) . Together, these studies suggest distinct pathways to seizure termination through specific biophysical mechanisms.
We propose here a dynamical understanding of seizure termination that encompasses and constrains these and other hypothesized biophysical mechanisms. Specifically, we propose that focal seizures with secondary generalization terminate in a manner consistent with crossing a critical transition or bifurcation in which the system traverses a critical threshold and shifts suddenly to an alternative, attracting dynamical regime (11) . Such regime shifts between alternative stable states have been described in many real-world systems (12) (13) (14) and exhibit a repertoire of early warning indicators (15) (16) (17) . The seizing brain provides a unique living system for studying the signatures of an impending critical transition as well as one in which interventions can have profound practical import.
We characterize the features of seizure termination in both multiscale in vivo data from patients with epilepsy and a computational model of cortical field activity. We show that population electrical activity-observed at macroscopic spatial scales-exhibits numerous signatures of an impending critical transition, whereas spatially localized recordings of neural spiking activity possess different dynamics. These insights offer a generic dynamical understanding of seizure termination emergent in organized neural population activity, with significant implications for understanding status epilepticus and therapeutic advances. Moreover, these observations link seizure termination to critical transitions in diverse natural and synthetic complex systems and demonstrate a biological system for exploring the utility of early warning signals preceding and predicting critical transitions.
Results

Signatures of a Critical Transition in Multiscale Brain Voltage Recordings.
We consider brain electrical activity from multiple spatial scales in patients with different epilepsy etiologies: noninvasive scalp electroencephalogram (EEG) recordings (8 seizures from eight patients), invasive electrocorticogram (ECoG) recordings from the cortical surface (15 seizures from five patients) and deep brain structures (11 seizures from three patients), and local field potential (LFP) recordings and multiunit activity (MUA) from highdensity microelectrode arrays implanted in the cortex (10 seizures from three patients) (Materials and Methods and SI Appendix, Table S1 ). In all cases, we selected seizures that began focally and then spread to become generalized (i.e., spread throughout the brain). Voltage recordings during the seizures display well-known stereotypical dynamics (Fig. 1) . At all spatial scales, individual electrodes exhibit a characteristic slowing of rhythmic activity during the seizure [i.e., a brain chirp (18)], followed by an abrupt reduction in overall activity apparent through visual inspection of seizure termination (Fig. 1) .
To characterize the approach to seizure termination, four early warning measures indicative of an impending critical transition were used: slowing, increased temporal and spatial correlations, and flickering (16) . Theory and observations across disciplines suggest that, in the approach to a critical transition, dynamical systems move toward a bifurcation at which the dominant real eigenvalue approaches zero. Therefore, the system recovers more slowly from small perturbations, resulting in slower activity and increased temporal and spatial correlations (13, 14, (19) (20) (21) . The power spectrum (example for one seizure observed in a surface ECoG recording in Fig. 2A, i ) reveals how the activity changes during the seizure: the dominant frequency of the oscillation decreases as seizure termination approaches. The negative slope of a line fit to the frequency of mean power [i.e., the frequency at which the cumulative power distribution, normalized to unit area, exceeds 0.5 (gray line in Fig. 2A , i) (Materials and Methods)] characterizes this slowing. To assess temporal and spatial correlations within the voltage recordings, we compute the autocorrelation of each time series and the 2D spatial correlation at all spatial scales during the seizure (Materials and Methods). We note that the depth ECoG recordings do not possess an appropriate electrode configuration from which to compute a 2D spatial correlation. Both distributions of correlation values (examples for one surface ECoG recording in Fig. 2 A, ii and iii ) increase in the approach to seizure termination. The positive slope of lines fit to the mean correlations over time (gray lines in Fig. 2 A, ii and iii) summarize the results: the electrical activity becomes more temporally and spatially correlated.
Analysis of the population data reveals similar results (Fig. 2B ). In the approach to seizure termination, the frequency of the mean power decreases at all spatial scales (negative slope, P < 5e-5 in all cases). For the field potential data, the temporal and spatial correlations increase approaching seizure termination (positive slope, P < 5e-3), consistent with an impending critical transition. We find similar temporal correlation results for different choices of analysis parameters (SI Appendix, Fig. S1 ). At the smallest spatial scale of observation, the MUA, not all signatures of an impending critical transition appear. The MUA lack a significant change in temporal correlation (P = 0.08) and exhibit a significant decrease in spatial correlation (P < 5e-5) approaching seizure termination.
We might presume that the slowing rhythmic activity during the seizure confounds the correlation analyses. If this were so, we would expect all spatial scales to exhibit similar changes in correlation. However, we find differences in correlation changes across spatial scales, even though all spatial scales exhibit slowing rhythmic activity (Fig. 2B) . Analysis of Fourier-based surrogate data (22) that preserve the power spectrum of a time series but randomize the phase (SI Appendix, Analysis and Modeling Methods) exhibit only weak spatial correlations (Fig. 2B , red bars), which suggests that the changing spectral content of the seizure does not produce the changing spatial correlations. In addition, we have analyzed synthetic multivariate time series data consisting of slowing rhythmic activity (starting at [8] [9] [10] [11] [12] Hz and ending at 0-1 Hz). In contrast to the in vivo data, these simulations show a reduction in temporal correlations and no change in spatial correlations (SI Appendix, Fig.  S2 ). We conclude that the slowing rhythmic activity does not itself produce artifactual changes in the correlation patterns observed in the in vivo voltage data.
Another phenomenon associated with dynamics near a critical transition is "flickering," e.g., when noise pushes a bistable system back and forth between two alternative attractors (16) . To assess whether flickering occurs, we compute the variance of the voltage data over small intervals (50 Fig. 3A) . The variance distribution preceding seizure termination is approximately bimodal (orange in Fig.  3B ), flickering between the unimodal distributions observed during the ictal period (red in Fig. 3B ) and the postictal period (green Fig. 3B ).
To characterize this flickering behavior, we classify the multidimensional variance vector (defined as the variance of each electrode organized as a one-dimensional vector) as belonging to one of three groups: preictal, ictal, or postictal (SI Appendix, Analysis and Modeling Methods). Qualitatively, the elements of the variance vectors are large for the ictal group, small for the postictal group, and intermediate for the preictal group, which provides a basic characterization of the dynamic state. To examine the transition to seizure termination, we perform this classification in two periods: (i) mid-seizure and (ii) just before seizure termination. Within each period, each variance vector is assigned to one of the three groups, and the proportion of variance vectors within each group is determined. Not surprisingly, the ictal group dominates during the mid-seizure period; the large amplitude fluctuations characteristic of seizure produce high variance activity. However, just before seizure termination, this dominance is lost. For the EEG (Fig. 3C ) and ECoG data ( significantly decreases (EEG: P = 0.018; ECoG: P < 5e-4), whereas the proportion of vectors classified as postictal (green) significantly increases (EEG: P = 0.003; ECoG: P < 5e-3) preceding seizure termination. A similar trend appears in the LFP (Fig. 3F) and MUA (Fig. 3G ) data, although the changes in the classifications are not significant (P > 0.1 in all cases). In most cases, the proportion of vectors classified as preictal (gray in Fig.  3 ) does not significantly change (P > 0.1 for all cases except depth ECoG in which P = 0.012). These empirical observations support premonitory flickering between two dynamical statesthe ictal and postictal attractors-in the approach to seizure termination. Fig. 4 summarizes the critical transition indicators computed at each spatial scale. Recordings at macroscopic spatial scales (EEG and ECoG) display signatures of an impending critical transition approaching seizure termination; note that spatial correlations cannot be meaningfully computed for the depth ECoG recordings. At the smaller spatial scales, the LFP data exhibit three of the four computed indicators [and a trend toward flickering behavior (Fig. 3F) ]. However, observations of MUA display only one of the four indicators-slowing rhythmic activity, as observed across all spatial scales (first row in Fig. 4) ; additional analyses based on the neuronal spike counts across the ensemble of sorted single units led to similar results (SI Appendix, Figs. S3-S5) . We conclude that the neural field activity, but not the multiunit activity or the single-unit population spike count, display clear characteristic warning signs of an impending critical transition in the approach to seizure termination.
Signatures of a Critical Transition in a Mean-Field Model of Seizure
Termination. To further investigate the proposed critical transition at seizure termination, we implement a mean-field model of cortical activity. Rather than representing the electrical activity of an individual neuron, mean-field or "lumped" models represent the aggregate activity of neural populations and are therefore particularly suitable for representing neural fields-such as the EEG, ECoG, and LFP of primary interest here-which are thought to represent the coordinated synaptic and intrinsic currents of neural populations (23) (24) (25) . Mean-field models have a long history in computational neuroscience (e.g., [26] [27] [28] [29] , including many important applications for seizure modeling. These include, for example, mean-field models of absence seizures (30) (31) (32) , of depth and surface electrode recordings from patients with temporal lobe epilepsy (33, 34) , seizure generalization (35) , and anesthetic-induced seizures (36) .
Here the model variables (SI Appendix, Eq. S1) correspond to the average excitatory and inhibitory activity of neural populations and their synaptic interactions, representative of the field potentials observed (37) . For a single mean-field oscillator, adjusting a parameter representative of excitatory synaptic strength results in a critical transition (Fig. 5A) , specifically a fold bifurcation of limit cycles (Fig. 5C) . Qualitatively, as the connectivity strength increases, the dynamics shift from large-amplitude ictal oscillations (Fig. 5A, i) to small-amplitude postictal fluctuations (Fig. 5A, iii) . Immediately preceding this shift is a region of bistability that flickers between both types of dynamics (Fig. 5A, ii) ; in this case, noise pushes the system between the two attractor states. These changes correspond to the transition from a branch of attracting limit cycles to a branch of attracting fixed points, which is preceded by a region of bistability between the two attractors separated by a branch of repelling limit cycles born in a subcritical Hopf bifurcation (Fig. 5C ). Simulations from a population of stochastic mean-field oscillators [64 columns arranged in an 8-×-8 grid with nearest neighbor excitatory synapses and periodic boundary conditions (SI Appendix, Analysis and Modeling Methods)] show rhythmic and correlation changes consistent with the brain voltage data: the oscillation frequency decreases, whereas the temporal and spatial correlations increase in the approach to seizure termination ( Fig. 5B and SI Appendix, Fig. S6 ). In addition, just before the critical transition there exists a region of flickering, characterized by intervals of variance consistent with the ictal (high variance) and the postictal (low variance) states (Fig. 5D) .
These results support the conclusion that a generic mechanisma discontinuous critical transition-underlies seizure termination, here implemented through a specific dynamical mechanism (a fold of limit cycles) and biophysical mechanism (strengthened 
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I c t a l P o s t -P r e -I c t a l P o s t -P r e -LFP MUA excitatory synapses). This biophysical mechanism is consistent with an increase in long-range spatial correlations in brain electrical activity, perhaps reflecting a self-organizing process for seizure termination that drives large neuronal networks into a hypo-excitable state (1, 8) . In this case, an activity-dependent process (i.e., the excitatory synaptic strength changing as a function of neural activity) leads to seizure termination. Important model extensions would incorporate realistic activity-dependent processes directly into the dynamics (38) to systematically explore the biophysical mechanisms of seizure termination. Although the model mimics the dynamics of seizure termination, the specific mechanism in this model is not unique; we propose that other pathways are possible (Fig. 6 ) involving different bifurcations (39) and biophysical mechanisms consistent with the generic dynamical principle of a critical transition. Moreover, different seizure types may involve different biological and dynamical mechanisms, for example, the role of a hyperpolarization-activated cation conductance (7) in terminating generalized absence seizures as simulated through activity-dependent transitions in a bistable neural model (38) . Refining a general dynamical understanding at the macroscopic spatial scale to specific biophysical and dynamical processes governing seizure termination at the microscopic spatial scale remains a crucial issue and will require both detailed computational models (6, 40) and experiments (41).
Status Epilepticus: Failure to Cross the Critical Transition. Status epilepticus-when a seizure fails to spontaneously self-terminate-is a life-threatening condition requiring immediate medical attention. To understand the dynamical mechanisms of status epilepticus, we consider the mean-field model used above to characterize seizures with spontaneous self-termination (Fig. 5 ). In this model, a seizure fails to self-terminate if it approaches the critical transition, but does not cross it and instead retreats back to the ictal attractor (Fig. 7A ). Approaching and retreating from the critical transition produces characteristic dynamical traits in the meanfield model: approaching the critical transition, the frequency of mean power decreases and the autocorrelation increases (Fig. 5B) , as observed for self-terminating seizures (examples in Fig. 7B) ; retreating from the critical transition produces an opposite effect (i.e., an increase in the frequency of mean power and a decrease in the autocorrelation). These model results motivate the hypothesis that voltage recordings from the human brain during status epilepticus exhibit similar behaviors. To test this, we analyzed 600 s of scalp EEG (n = 4) and surface ECoG (n = 1) data during status epilepticus (SI Appendix, Patient Information and Analysis and Modeling Methods). The model and in vivo data exhibit qualitatively similar changes in the frequency of mean power and mean autocorrelation (example in Fig. 7C ). To characterize the association between these two measures, we compute their cross-correlation; the cross-correlation is negative at zero lag (illustrated in Fig. 7D as one example) both for the patients with status epileptics and for the patients with self-terminating seizures (Fig. 7E) . However, all patients with status epilepticus exhibit periodicity at positive and negative lags (example in Fig. 7D and in SI Appendix, Fig. S7 ) in the cross-correlation, indicating repeatability of the behavior not observed in self-terminating seizures. Analysis of synthetic data simulating repeated intervals of reduced frequency of mean power produce a strong positive correlation between the two measures, which suggests that the in vivo results are not an artifact of the analysis (SI Appendix, Fig. S7 ). We propose that during status epilepticus the system repeatedly approaches the critical transition, but never quite reaches it, and instead retreats to the ictal attractor. In this case, the seizure fails to spontaneously self-terminate and the repeated approach and retreat from the critical transition continues until another intervention (e.g., drug delivery) is provided.
Discussion
Existing models of brain activity use attractor bistability (or multistability) both for normal function [e.g., memory (43-45)] and critical transitions or phase transitions for biological coordination (13) . Seizures have often been conceptualized as a single attractor state alternative to normal brain activity (32, 46) . Although signatures of a critical transition at seizure onset have been proposed (47) , experimental evidence directly supporting the existence of bistability between an ictal attractor and postictal attractor is lacking. Here we focus on termination of focal seizures with secondary generalization-an easily identified and stereotyped brain transition-to propose that the ictal-to-postictal change occurs in a discontinuous critical transition between two alternate attractor states. Although conclusive identification of a catastrophic bifurcation from time series data remains infeasible (14) , the dynamic signatures and model all support the hypothesis that seizures spontaneously self-terminate through a critical transition at multiple macroscopic spatial scales.
The mean-field model used here (constructed to mimic the electrical activity during seizure) motivated a specific dynamical hypothesis: that status epilepticus could be understood as a repeated approach and retreat from a critical transition. Such behavior exhibits dynamical characteristics that can be tested in vivo. We have done so and found for each patient evidence consistent with this dynamical hypothesis. We note that status epilepticus is a complicated and evolving brain state and that the entire event exhibits changing dynamical properties (e.g., due to intrinsic brain mechanisms and, typically, pharmacological interventions). However, each patient exhibited a long interval (10 min) of dynamic activity consistent with the model prediction. These results provide an initial dynamical characterization of status epilepticus. We propose that status epilepticus results from the failure of an underlying brain mechanism to drive the system through the critical transition. This may occur due to alternative mechanisms acting against spontaneous termination or to a pathology in the usual selftermination mechanism. In either case, dynamical treatment strategies (e.g., targeted interventions designed to push the system past the critical transition at the point of closest approach) can be explored.
Seizure activity appears across all spatial scales of the human brain-from the individual neuron (48) to the scalp surface. The analysis presented here suggests that a critical transition occurs at seizure termination in neural field activity, as observed in the EEG, ECoG, and LFP. Despite clear and abrupt suppression of neuronal spiking during seizure termination (48) , consistent signatures of an impending critical transition at seizure termination were not detected at the level of MUA or population spiking based on sorted single units. More robust precursor signatures of a critical transition may perhaps occur in different spatially focal locations not observed. Alternatively, the seizure may represent a macroscopic brain phenomenon, requiring the collective cooperation of neural populations for maintenance and eventually termination. We note that the specific dynamical mechanisms at the microscopic spatial scale (e.g., the bifurcation from rest to spiking in a single neuron) may differ from the critical transition observed at the macroscopic spatial scale during seizure. In this case, precursor signatures of a critical transition at the macroscopic spatial scale are an emergent phenomenon depending on a population of neurons and thus would not be apparent in the individual neuron dynamics, but would still be dependent on the coordination of biophysical mechanisms at the microscopic spatial scale.
The hypothesis of a critical transition at seizure termination links the potentially diverse biophysical mechanisms of the seizures analyzed here (focal seizures with secondary generalization) under a common dynamical framework. This is analogous to the idea that multiple genetic and epigenetic factors can contribute to produce the same epileptic state (23) . Although seizure termination occurs through a variety of biophysical routes, we propose that all of these routes follow a common dynamical pathway. This generic dynamical mechanism constrains computational models of this seizure type to exhibit specific dynamical characteristics at termination in the macroscopic field activity and suggests two immediate experimental predictions: coexistence of alternative attractors and hysteresis. First, immediately preceding seizure termination, alternative stable attractors, representing the ictal and postictal states, coexist. Second, a seizing system driven in reverse from the postictal to ictal state will exhibit hysteresis, so that the postictal state remains stabilized even as the system's conditions return past the critical transition. Both features are present in the computational model, and empirical evidence supports the existence of alternative attractors. However, definitive tests of these predictions will require optimized techniques to characterize the ictal and postictal states (beyond a simple measure of variance) and detailed in vitro experiments that allow precise control of biophysical manipulations. We note that different seizure types exhibit different voltage characteristics (e.g., the sudden onset and termination of absence seizures) whose biophysical and dynamical mechanisms likely differ from those proposed here.
Critical transitions or "tipping points" provide a common dynamical understanding linking diverse phenomena from natural and synthetic complex systems (14) . Detecting generic indicators of an impending critical transition has broad implications for management of disease (49) , ecosystems (19, 50) , financial markets (16) , and the Earth's climate (15, 51) . In particular, knowledge of an impending critical transition can permit intervention to promote a preferred state (e.g., biomanipulation in ecosystems). However, real-world tests of these indicators and manipulations are typically rare, expensive, and difficult to repeat. Unlike other complex systems (e.g., the climate), neural dynamics possess both detailed computational models and manageable experimental systems in which transitions occur over minutes rather than days (17) , years (50), or centuries (15) . For seizures, understanding and manipulating the biophysical processes that promote the critical transition-by decreasing the resilience of the ictal state or by increasing the resilience of the postictal state-may suggest anticonvulsant or device-based therapies focused on treating the disease dynamics. Further study will have implications for both epilepsy therapy and the development of theoretical approaches to understanding and predicting critical transitions in the natural world.
Materials and Methods
Patients with medically intractable focal epilepsy were considered. EEG data were recorded using a standard 10-20 electrode configuration from eight patients (two female, age 40 ± 11 y). ECoG data were recorded using standard recording systems (XLTEK) from eight patients (three female, age 33 ± 10 y). For five patients, an 8-by-8 electrode array (1-cm spacing) was used. For three patients, depth electrodes (1-cm spacing) sampled mesial structures. LFP data, MUA, and single-unit activity were recorded from three patients using 96 microelectrode arrays covering a 4 × 4-mm patch of neocortex (one female, ages 21, 32, and 52 y). Seizure onset and termination times were determined by an experienced encephalographer (S.S.C. 
